The aim of this study was to evaluate the heat tolerance of Bama miniature pigs under high ambi ent temperature (40°C) and Zn interactive functions during heat treatment (HT). Bama miniature pigs (male; n = 24; 6-mo old; BW = 10.79 ± 0.06 kg) were randomly allotted to 4 groups and were fed a basal diet or the basal diet supplemented with 1,500 mg of Zn (ZnSO 4 ·H 2 O)/ kg diet for 38 d. At 7 mo of age (d 30), the thermal neu tral (TN) groups remained at 25°C, whereas the HT groups were exposed to ambient temperature at 40°C for 5 h daily for 8 consecutive days. Pigs in 4 groups were sacrificed on d 38. Individual rectal temperatures, skin temperatures, and breathing rates were recorded at 3 h after the onset of HT and the blood samples were collected immediately after HT on d 30, 34, and 38. Pigs fed diets with or without Zn doubled their breathing rates (P < 0.05) and increased body surface, scrotal, and rectal temperatures during HT on d 30, 34, and 38, respective ly. Zinc supplementation increased BW gain (BWG; P < 0.05) during 38-d experiment period, and HT decreased BWG only from d 30 to 34 (P < 0.05). Heat treatment increased serum testosterone on d 30 (P < 0.05). Zinc supplementation decreased the heatinduced increase of testosterone in HT on d 30 and 34 (P < 0.05). The rela tive weight of liver increased in HT groups (P < 0.05). Zinc supplementation decreased the relative weights of spleen (P < 0.05) and testis (P < 0.01). The values of abnormal lymphocyte count and large unstained cell count declined approximately 5 times in groups of Zn supplementation, whereas Zn supplementation increased the values of red blood cell count, hemoglo bin, hematocrit, mean corpuscular volume, and mean corpuscular hemoglobin. Zinc concentrations increased in serum, liver, kidney, epididymis, longissimus, hair, and feces in groups fed with Zn (P < 0.01). However, additional Zn decreased Zn concentrations in lung, spleen, and testis (P < 0.01). Moreover, HT decreased serum Zn concentrations (P < 0.01). In conclusion, Zn supplementation could be used to alleviate the decline of serum Zn during periods of high ambient temperatures. However, pretreated supplementation with pharmaco logical Zn did not promote heat tolerance but impacted the erythropoiesis, immunity, and reproductive organ development in Bama miniature pigs.
INTRODUCTION
Heat stress causes over US$300 million an nual losses in the U.S. swine industry and billions of dollars in losses globally (StPierre et al., 2003) .
Understanding the stressassociated mechanisms is important for animal nutritionists and veterinarians. Bama miniature pigs, a Chinese breed grown in the subtropical environment of southern China, display a tolerance to heat stress as evidenced by normal fertil ity, the more effective ability of heat exchange, and a lower body temperature compared with crossbred pigs during hot seasons (Wang et al., 1995; Ju et al., 2014) . Therefore, measuring the behavior activities and hormone changes of Bama miniature pigs under heat treatment (HT) will facilitate the discovery of heat tolerance mechanism of pigs and provide more effective measurements to decrease harmful effects of heat stress.
High ambient temperature reduced growth and decreased plasma Ca, K, Na, and Zn concentrations in heatstressed animals (Bartlett and Smith, 2003; Pearce et al., 2013) . Previous research reported that pretreat ment of dietary Zn (ZnSO 4 ·H 2 O) offered a feasible way to attenuate the decrease of serum Zn and reduce the losses in performance of quail and broilers under heat stress Sahin and Kucuk, 2003; Chand et al., 2014) . Accordingly, we hypothesized that Zn supplementation may compensate Zn loss in duced by the elevated ambient temperatures and pre vent the harmful effects of heat stress. Moreover, feed ing at pharmacological doses of 1,500 mg/kg Zn was the optimal dose for BW gain (BWG) and G:F in pig (Mavromichalis et al., 2001; Augspurger et al., 2004) . Taken together, the objectives of this study were to eval uate the heat tolerance of Bama miniature pigs and first detect the interactive effects of Zn supplementation (in the form of ZnSO 4 ·H 2 O; 1,500 mg/kg diet) on Bama miniature pigs under high ambient temperatures.
MATERIALS AND METHODS
All experimental protocols were approved by the Institutional Animal Care and Use Committee of Nanjing Agricultural University.
Animals, Diets, and Experimental Design
Twentyfour male 6moold Bama miniature pigs were sorted by BW and randomly allotted to 4 treatments (6 pigs per pen). The average initial BW of each pen was 10.79 ± 0.03 kg. The treatments were arranged as a 2 × 2 factorial design, which included 2 levels of environmen tal temperatures (25 or 40°C) and 2 levels of supplemen tal Zn (0 or 1,500 mg/kg, with ZnSO 4 ·H 2 O as the Zn source). Two groups received each of the 2 diets. During the period from d 0 to 30, the experimental pigs were housed in an opensided piggery with pens (2.7 by 3.0 m). The pigs had free access to water from nipple drink ers and the house received natural light for approximately 14 h daily. No vaccination was administered during this period and feces were cleaned twice a day. To calculate the effect of Zn on BWG of pigs offered an equal amount of diet to each pen, the pigs within each pen were re stricted to the maximal amount of daily feed intake of the 4 groups. The daily feed intake was determined on d 0, 10, and 20, respectively. The pigs were fed twice a day (0800 and 1600 h, respectively). The remaining di ets were weighed for calculating the daily feed intake for each pen 2 h after feeding. Based on the maximal value of daily feed intake in the 4 groups, pigs were fed with 4.50 kg per pen from d 0 to 10, 5.00 kg per pen from d 10 to 20, and 5.08 kg per pen from d 20 to 30, respectively.
On d 30 (pretreatment with 2 Zn levels for 30 d), 2 groups (0 and 1,500 mg/kg Zn diets) were arbitrarily designated the thermal neutral (TN) groups. The HT groups also included groups consuming the 0 and 1,500 mg/kg Zn diets, respectively. Two pens were housed in 1 environmentally controlled room (2.7 by 3.0 m, 100 lx luminance for 12 h daytime, 65% relative humid ity, and 1.0 m/s wind velocity), where the temperature, relative humidity, luminance, and wind velocity were controlled by an automatic system. A total of 2 con trolled rooms were used to house pigs in the TN and HT groups, respectively. Each pen was used for 1 group and equipped with a nipple waterer, allowing pigs free access to water. No vaccination was administered dur ing this period and feces were cleaned twice a day. To imitate the severe shortterm heat exposure under actual local environmental conditions during hot summer in the downstream areas of the Yangtze river, the tempera ture for HT was changed periodically from 25 to 40°C at a constant rate for about 1 h, kept at 40°C about 5 h from 1000 until 1500 h, and decreased back to 25°C at a constant rate over about 1 h. The temperature for the TN groups was maintained at only 25°C. To avoid the effects of the different nutritional levels on the cal culation of heat tolerance, pigs in the TN groups were also restricted according to the feed intake measured at 40°C. The pigs were fed twice a day (0800 and 1600 h, respectively). In HT groups, the remaining diets were weighed for calculating the daily feed intake for each pen 2 h after feeding on d 30. Based on the maximal value of daily feed intake in 2 groups of HT on d 30, the daily diet (3.6 kg per pen) was fed during 8 d of HT.
For all pigs, the scrotal, body surface, and rectal temperatures were recorded daily 3 h after the onset of HT on d 30, 34, and 38. Scrotal and body surface temperatures were measured using a thermal imaging camera (TiR27; Fluke Corporation, Everett, WA). As shown in Fig. 1 , individual scrotal surface tempera ture was defined as the average value of whole tes tis surface temperatures, and individual body surface temperature was defined as the average value of tem peratures of whole body including head, ears, trunk body, and legs. Both individual scrotal and body tem peratures were calculated using Fluke Smart View 3.1 imager software (Fluke Corporation). The rectal tem peratures were measured by a thermistor probe con nected to a digital thermometer (DM6801A; SAMPO, Shenzhen, China). Breathing rate was visually mea sured daily between 1300 and 1330 h through a win dow by counting the flank movements over a period of 1 min when pigs were in a resting position.
Diets were fed in meal form and, with the excep tion of Zn, were formulated to meet or exceed NRC (1998) requirements for mature boar. The ingredient composition and the calculated and analyzed nutrient inclusion levels of the experimental diets are presented in Table 1 . The appropriate concentrations of CP and DE in diet for growing Bama miniature pigs were proposed as the percentage ranging from 12 to 13% and 12.95 MJ/kg, and the diets required for daily feed intake ranged from 2.0 to 2.5 as a percentage of BW (Lan et al., 2007) . In this study, the dietary CP and DE exceeded the recommendations above. Given that the percentage of daily feed intake as a percentage of BW declines as pigs grow (Hyun et al., 1997) , the proposed daily feed intake was also less than the daily feed in take in all phases in the present experiment. Therefore, the diets fed to Bama miniature pigs in each phase of this study could meet the requirement for growth. To obtain the effect of Zn supplementation on growth per formance of Bama miniature pigs, pig BW were mea sured on d 0, 30, 34, and 38 to calculate BWG.
Sample Collection
For all pigs in the TN and HT groups, blood samples were collected via jugular venipuncture immediately af ter HT on d 30, 34, and 38 and centrifuged at 3,000 × g for 10 min at 4 °C. The isolated serum samples were stored at -80°C until determine. After 8 d of HT, the pigs were immediately slaughtered. Organs (lung, stomach, liver, spleen, adrenal glands, kidney, epididymis, and tes tis) were dissected and immediately weighed.
Radioimmunoassay
Concentrations of cortisol and testosterone in serum were measured by doubleantibody RIA using 125 Icortisol and 125 Itestosterone Radioimmunoassay Kits (Beijing North Institute of Biological Technology, Beijing, China) according to manufacturer's protocol. The intra and inter assay CV were 6.1 and 9.2% for cortisol and 6.9 and 7.2% for testosterone, respectively.
Analysis of Hematological Parameters
On d 38 after HT, the blood samples were col lected and one part of samples was immediately in jected into tubes containing K 3 EDTA anticoagulant for measurement of hematological parameters. The blood samples were stored at 4°C until measurement within 24 h. Hematological parameters, including white blood cell count, red blood cell (RBC) count, hemoglobin (HGB), hematocrit (Ht), mean corpus cular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentra tion, abnormal lymphocyte (ALY) count, and large unstained cell (LUC) count, were measured using a fully automatic Hematology Analyzer (LW D6500; Landwind Medical, Shenzhen, China).
Tissue Zinc Concentration
The concentrations of Zn remaining in the samples were determined by inductively coupled plasma opti cal emission spectrometry (Optima 2100 DV; Perkin Elmer, Waltham, MA) using nitric acid-perchloric acid-based wet digestion. Approximately 0.5 g of each sample was digested with nitric acid (75%) and perchloric acid (25%) in a microwave digester (MDS-81D; CEM Corp., Matthews, NC).
Statistics Analysis
Twoway ANOVA was used to determine the ef fects of dietary Zn and temperature and their interac tion using the GLM procedure of Statistical Product and Service Solution (SPSS) software (version 16.0; SPSS, Inc., Chicago, IL). Probability values less than 0.05 were considered statistically significant and de noted by "*," and probability values less than 0.01 were denoted by "**."
RESULTS

Assessment of Heat Stress
As shown in Table 2 , pig body surface tempera tures, scrotal surface temperatures, rectal tempera tures, and breathing rates were significantly increased after 5 h of HT on d 30, 34, and 38, respectively. Pigs suffered heat stress when average rectal temperatures and average breathing rates increased, characterized by an excessive drinking, increased average body sur face temperatures, and lethargy.
Growth Performance
The analyzed values of Zn in the diets were close to calculated values (Table 1) . As shown in Table 3 , Zn supplementation at 1,500 mg/kg increased BWG from d 0 to 30 and from d 0 to 38 (P = 0.043 and P = 0.035, respectively). However, HT decreased BWG from d 30 to 34 (P = 0.046). There was no difference in BW on d 0, 30, 34, and 38. 2 Vitamin mineral premix supplied the following per kilogram of diet: 4,000 IU vitamin A (retinyl acetate), 400 IU vitamin D 3 (cholecalciferol), 18 mg/kg vitamin E (α-tocopheryl acetate), 0.5 mg/kg vitamin K (menadione sodium bi sulfate), 1.5 mg/kg vitamin B 2 (riboflavin), 8 μg/kg vitamin B 12 (cobalamin), 1.8 mg/kg pantothenic acid, 7.5 mg/kg nicotinic acid, 200 mg/kg Fe (from ferrous sulfate), 20 mg/kg Cu (from copper sulfate), 20 mg/kg Mn (from man ganese sulfate), 1.0 mg/kg I, and 0.2 mg/kg Se (sodium selenite).
3 Calculated values were determined using values reported by the NRC (1998).
Serum Concentrations of Cortisol and Testosterone
Serum cortisol and testosterone concentrations are presented in Table 4 . Serum cortisol increased in the HT and Znfed groups, but no differences were detect ed among the treatments on d 0, 30, 34, and 38. Based on 2way ANOVA analysis, serum testosterone in creased in the HT groups (P = 0.001), but a decreased concentration was induced by Zn supplementation (P = 0.015) on d 30. There was a temperature × Zn interaction on d 30 and 34 (P = 0.037 and P = 0.040, respectively). No significant difference was observed in serum testosterone on d 38.
Relative Organ Weights and Epididymal Sperm Counts
Relative organ weights and epididymal sperm counts (ESC) were both shown in Table 5 . After 8 d of HT, the relative weight of liver increased (P = 0.047). The relative weights of spleen and testis were decreased by Zn supplementation (P = 0.020 and P = 0.008, respectively) and both were lower in pigs fed diets with Zn at 1,500 mg/kg than those in the group with dietary Zn at 0 mg/kg in HT (P = 0.020 and P = 0.008, respectively). Based on 2-way ANOVA analy sis, no significant difference was observed in the rela tive weight of epididymis and ESC.
Hematological Parameters
Hematological parameters were shown in Table 6 . Based on 2way ANOVA analysis, RBC count, HGB, Ht, MCV, and MCH were increased (P < 0.01) by di etary Zn supplementation.
Serum, Tissue, and Feces Zinc Concentrations
Effects of Zn supplementation on Zn concentra tions of serum, tissue, and feces were presented in Table 7 . Pigs fed diets with additional 1,500 mg/kg Zn increased Zn concentrations in heart, liver, kidney, epi didymis, longissimus, hair, and feces (P < 0.01). The Zn concentrations in brain, psoas, and ear marginal were not altered by Zn supplementation. Interestingly, addi tional Zn decreased Zn concentrations in lung, spleen, and testis (P ≤ 0.001). In addition, HT decreased se rum Zn concentrations (P = 0.001), but additional Zn increased serum Zn concentrations (P = 0.026).
DISCUSSION
Heat stress occurs when there is an imbalance be tween heat production and its dissipation within the body of animals (Aggarwal and Upadhyay, 2013) . The general homeostatic responses to heat stress in clude reductions in production and increases in water drinking, rectal temperatures, skin temperatures, and breathing rates in animals with a large body size such as cows (Rungruang et al., 2014) and pigs (Pearce et al., 2013) . The rectal temperatures increased about 1°C in the Large White boar exposed to the environmental temperature at about 35°C (Li et al., 2015) . Another pig breed, Chinese miniature pig, showed an increase about 1.5°C in rectal temperatures during HT at 40°C for 5 h (Yu et al., 2010) . In this study, the increase in rectal temperature was less than 1°C during HT at 40°C for 5 h, implying a heat tolerance by the Bama miniature pigs in hot summer months. The elevated ambient temperatures enhanced the body metabolic activity and metabolite excretion, ac companied by increased values for heart rates, breath ing rates, and blood flow (Huynh et al., 2005) . The liver detoxifies and clears formed and preformed me tabolites (de Lannoy et al., 1993) . The increased liver weight in the HT groups implied that the liver adapts to heatinduced physiological and biochemical respons es in Bama miniature pigs during HT. In contrast, HT at 32°C obviously decreased the relative weights in several organs, especially the heart and kidney in bar rows exposed to heat from 14 wk of age until market weight (Cruzen et al., 2015) . The different results in the study by Cruzen et al. (2015) might be attributed to the breed type, heat intensity, and the duration of HT.
Heat stress jeopardizes pig health and productivity. The intestinal barrier function was damaged in heat stressed pigs, characterized by reduced intestinal integ rity and increased circulating endotoxin (Pearce et al., 2012) . Feeding supplemental Zn promoted growth by enhancing the digestive enzyme activities (Hedemann et al., 2006) and maintaining the stability of the intes tinal flora (Katouli et al., 1999) . Supplemental Zn at the appropriate dose could improve aspects of small intestinal integrity and attenuate the compromised in testinal barrier (Ineu et al., 2013; Sanz Fernandez et al., 2014) . According to the NRC (1998) recommen dations, the basal diet with 50 mg/kg Zn could meet the Zn requirement of boars. In the present study, pigs fed dietary Zn at 1,500 mg/kg showed a significant improvement in growth performance from d 1 to 30 and from d 0 to 38, which was well documented in en hancing growth performance of inorganic Zn in swine industry. Considering significant BWG from d 0 to 38, the obvious interactive effect determined from d 30 to 38 indicated that supplemental Zn attenuated the heatinduced weight loss, possibly by enhancing the activities of gastrointestinal enzymes and maintaining the intestinal epithelium function, although these traits were not assessed in the current study. Various endocrine responses are involved to im prove the fitness of the individual during stress. Cortisol, the primary stress hormone, is widely used as an indi cator of stress and could enhance the cerebral use of glucose and the ability to repair damaged tissues by increasing glucose in the blood stream. However, the longterm overexposure to cortisol can alter immune system response and suppress the digestive system, growth processes, and the reproductive system. Male participants with lower basal cortisol exhibited a larger testosterone response during one single stressful situ ation (Bedgood et al., 2014) , whereas chronic stress caused drops in testosterone concentrations, which was also partially driven by increases in cortisol after the stressor (Cumming et al., 1983; Bernier et al., 1984; Li et al., 2013) . In the present study, HT and Zn supplemen tation both increased cortisol concentrations on d 30, indicating that Zn supplementation might enhance the defense ability to heat exposure. The HT induced an in crease in testosterone on d 30, implying that pigs might 2 WBC = white blood cell; RBC = red blood cell; HGB = hemoglobin; Ht = hematocrit; MCV = mean corpuscular volume; MCH = mean corpuscular he moglobin; MCHC = mean corpuscular hemoglobin concentration; MPV = mean platelet volume; ALY = abnormal lymphocyte; LUC = large unstained cell.
3 TN = thermal neutral (25°C).
4 40°C.
5 T = temperature. 2 TN = thermal neutral (25°C).
3 40°C.
4 T = temperature.
5 ESC = epididymal sperm counts, a widely used, simple and sensitive method of assessing the effects of male reproductive toxicants on the epididymal and/or tes ticular site of action. After careful dissection of the tissues and further processing, the sperm suspensions are counted using a hemacytometer and analyzed for effect.
antagonize the heat stress via a testosteronemediated protective function, such as increasing muscle strength and libido. Pigs fed with dietary Zn at 0 mg/kg showed greater testosterone and lower cortisol than those fed with dietary Zn at 1,500 mg/kg, which was consistent with a previous report (Bedgood et al., 2014) . Given the suppression of the circulating testosterone by cortisol, the changed testosterone concentrations of pigs in the TN groups might be partly attributed to fluctuations in cortisol concentrations. No differences were detected in the cortisol concentrations among 4 groups on d 30, 34, and 38, indicating potential ability of heat tolerance in Bama miniature pigs.
Testosterone plays a key role in the development of male reproductive tissues such as testis, epididymis, prostate, penis, and seminal vesicle (Murashima et al., 2014) . The present results showed that Zn supplementa tion decreased testosterone concentrations and reduced the relative weight of testis. This response was likely attributed to the Zninduced testosterone inhibition. Considering that the sperm count would not change un til after 21 d after heat stress exposure (Li et al., 2015) , the ESC in this study might not change immediately af ter 8 d of HT. Chronic restraint stress could upregulate the erythropoiesis through glucocorticoid stimulation (Voorhees et al., 2013) . In this study, Zn supplementa tion increased total HGB and RBC count, which func tion to enhance oxygen carrying capacity. Meanwhile, Zn supplementation also upregulated serum cortisol concentrations. Therefore, the possible underlying mechanisms were proposed to come mainly from the hormone erythropoiesis, such as the cortisolstimulated erythropoiesis. Immunosuppression is manifested by a reduction in spleen index, an inhibition of splenic lymphocyte proliferation responses and splenic natural killer cell and macrophage activity (Wang et al., 2012) . In this study, pigs fed with dietary Zn at 1,500 mg/kg showed a decrease in the relative weight of spleen, 39.2% reduction in ALY count, and 81.0% reduction in LUC count, indicating that diets with Zn at 1,500 mg/kg inhibited the immune system in Bama miniature pigs. These responses contributed negative effects that sup pressed the immune function under basal levels.
Heat exposure decreased serum Zn concentra tions, whereas Zn supplementation could increase Zn concentrations in serum, tissues, and feces Wang et al., 2013; Borah et al., 2014) . Intracellular Zn homeostasis is tightly controlled as Zn is required for normal physiological processes, in cluding structural functions, gene expression, protein interactions, catalytic functions, apoptosis, and signal transduction (TruongTran et al., 2000; Prasad, 2009; Tuerk and Fazel, 2009) . Zinc levels could be increased in a relatively nontoxic manner, which might be pos sible to ameliorate the degenerative disorders associ ated with apoptotic cell death in pulmonary epithe lial cells (Tang et al., 2002) , lymphocyte (Treves et al., 1994) and the testicular cells (Yamaguchi et al., 2009) . However, decreased intracellular Zn level was identified as a hallmark of prostate cancer tumors in prostate tissue (Mihelich et al., 2011) . In this study, both HT and Zn supplementation had significant ef 4 T = temperature.
5 FW = fresh weight.
fects on serum Zn concentrations, indicating dietary Zn supplementation could alleviate the heatinduced decrease in serum Zn of Bama miniature pigs. In con trast to the organs with the increased Zn concentra tions, more caution should be focused on the organs with the decreased Zn concentrations and the lower or gan indexes induced by Zn supplementation, as these organs might be undergoing dysfunction.
In conclusion, the Bama miniature pig displays heat tolerance characteristics, which can be used as a candidate heattreated model to elucidate the physi ological and biochemical changes in animals exposed to high ambient temperature. Pretreatment of pharma cological Zn at 1,500 mg/kg diet for 38 d increased pig growth performance but did little to enhance the heat tolerance and induced some negative effects on im mune system and reproductive traits. A reduced serum Zn concentration was alleviated by Zn supplementa tion during HT, implying that shortterm consump tion of diets with pharmacological Zn concentrations should be considered during periods of high ambient temperature during summer.
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